Medium spiny neurons (MSNs) in the nucleus accumbens have long been implicated in the neurobiological mechanisms that underlie numerous social and motivated behaviors as studied in rodents such as rats. Recently, the prairie vole has emerged as an important model animal for studying social behaviors, particularly regarding monogamy because of its ability to form pair bonds. However, to our knowledge, no study has assessed intrinsic vole MSN electrophysiological properties or tested how these properties vary with the strength of the pair bond between partnered voles. Here we performed whole cell patch-clamp recordings of MSNs in acute brain slices of the nucleus accumbens core (NAc) of adult male voles exhibiting strong and weak preferences for their respective partnered females. We first document vole MSN electrophysiological properties and provide comparison to rat MSNs. Vole MSNs demonstrated many canonical electrophysiological attributes shared across species but exhibited notable differences in excitability compared with rat MSNs. Second, we assessed male vole partner preference behavior and tested whether MSN electrophysiological properties varied with partner preference strength. Male vole partner preference showed extensive variability. We found that decreases in miniature excitatory postsynaptic current amplitude and the slope of the evoked action potential firing rate to depolarizing current injection weakly associated with increased preference for the partnered female. This suggests that excitatory synaptic strength and neuronal excitability may be decreased in MSNs in males exhibiting stronger preference for a partnered female. Overall, these data provide extensive documentation of MSN electrophysiological characteristics and their relationship to social behavior in the prairie vole.
INTRODUCTION
The prairie vole (Microtus ochrogaster) has emerged as a key model animal for studying social behavior (Hammock and Young 2006; McGraw and Young 2010; Young et al. 2011) because strong pair bonds form between males and females that persist in multiple breeding cycles Young et al. 2011) . Social monogamy and preference for the bonded partner animal occur in Ͻ5% of mammals (Kleiman 1977) and even fewer laboratory-tractable rodents. Thus the prairie vole has enabled significant advances in elucidating the underlying neurobiological and genetic mechanisms for these and other prosocial behaviors (Aragona et al. 2006; Bosch et al. 2009; Carter et al. 1995; Lim et al. 2004) .
Prairie voles are remarkable in that they display significant individual variation within the unique social behaviors they exhibit (Barrett et al. 2013; Perkeybile et al. 2013) , including partner preference (Hammock and Young 2005) . This variability in vole social behavior is mirrored by variability in the underlying neural substrate, with the role of social neuropeptides such as vasopressin and oxytocin being exceptionally well explored. For example, resident male space use and sexual fidelity are positively correlated with vasopressin receptor density at the retrosplenial cortex (Okhovat et al. 2015; Ophir et al. 2008) . In female voles, oxytocin receptor density in the nucleus accumbens is positively associated with individual and species variation in alloparental and other social behaviors (Insel and Shapiro 1992; Young 2006a, 2006b; Ross et al. 2009 ). This individual variation in social neuropeptide density and behaviors predicts that the brain regions involved with these behaviors should likewise show variation in their cellular properties, electrophysiological and/or anatomical.
Multiple neural loci have been implicated in partner preference behaviors, including the nucleus accumbens (Aragona et al. 2003 (Aragona et al. , 2006 . Part of the striatum, the nucleus accumbens is a nexus region that plays a prominent role in controlling social, motivated, and reward behaviors related to both natural and pathological reinforcers, select motivational and emotional processes, and mood disorders (Salgado and Kaplitt 2015; Yager et al. 2015) and is necessary for pair bond formation and maintenance (Aragona et al. 2003 (Aragona et al. , 2006 . The nucleus accumbens is currently subdivided into two subregions: the core (NAc) and the shell, which show differential functions and anatomical projections.
Here we targeted the NAc, which receives multiple glutamatergic inputs from the hippocampus, amygdala, prefrontal cortex, and thalamus in addition to dopaminergic and GABAergic inputs (Groenewegen et al. 1999; Kelley 2004) . The numerous inputs to the NAc are synthesized into output by the GABAergic medium spiny neurons (MSNs), which comprisẽ 95% of the neuron population and project outside of the NAc to directly influence motor and cognitive behaviors (Smith et al. 2013; Yager et al. 2015) . There are a number of intrinsic electrophysiological properties that determine an MSN's response to input. Prominent among these is membrane excitability, a property predicated on the neuron's ion channel composition, which determines the likelihood that the neuron will produce an action potential in response to stimulation. Increased excitability translates to heightened responsivity to excitatory input, and changes in MSN excitability directly relate to changes in behavior (Grillner et al. 2005; Mu et al. 2010; Tan et al. 2013) . To our knowledge, no study has ever characterized vole MSN intrinsic electrophysiological properties beyond local field potentials and optogenetically stimulated excitatory postsynaptic currents (Amadei et al. 2017 ). Furthermore, no study has tested how these intrinsic properties vary with the strength of the pair bond between partnered voles.
To determine the relationship between intrinsic electrophysiological properties and pair bond strength, we performed whole cell patch-clamp recordings of MSNs in acute brain slices of the NAc of adult male voles exhibiting strong and weak preferences for their respective partnered females. To provide essential context for MSN electrophysiological properties, we also performed recordings of MSNs in acute brain slices of the NAc of adult male rats. We then extensively compared vole and rat MSN electrophysiological properties, including action potentials, excitability, passive and input resistance properties, and miniature excitatory postsynaptic current (mEPSC) properties. Vole MSNs demonstrated many canonical electrophysiological attributes shared across species but exhibited notable differences compared with rat MSNs. We then tested whether MSN electrophysiological properties varied with partner preference strength and found that excitatory synaptic strength (as indicated via mEPSC amplitude) and neuron excitability (as assessed with the slope of the evoked action potential firing rate to depolarizing current injection) correlate with partner preference strength. Additionally, we found that mEPSC amplitude and neuron excitability generally decreased with increasing preference scores. Overall, these data provide, for the first time, detailed methods for whole cell patch-clamp recording from vole acute brain slices and an extensive documentation of vole MSN electrophysiological characteristics and probe the relationship between MSN electrophysiology and vole partner preference behavior.
MATERIALS AND METHODS

Animals
All animal procedures were approved by the North Carolina State University Institutional Animal Care and Use Committee and the resident veterinarian. Prairie voles (M. ochrogaster) (n ϭ 8) were obtained from a colony housed in the North Carolina State University Biological Resources Facility. Rooms were temperature, humidity, and light controlled (22°C, 30% humidity, 12:12-h light-dark cycle. 6 AM-6 PM lights on). Food (High Fiber Rabbit Diet, 5326, LabDiet; Regular Standard Rodent Chow, 5001, LabDiet;  timothy hay, 5LRT, PicoLab, PMI) and water were provided ad libitum. Male (n ϭ 4) postnatal day (P)50 Sprague-Dawley CD IGS rats were purchased from Charles River (Raleigh, NC) and housed in same-sex pairs. Age at experimental use ranged from P59 to P67. Rooms were temperature, humidity, and light controlled (23°C, 40% humidity, 12:12-h light-dark cycle). Food (2020X Teklad, Madison, WI) and water were available ad libitum. Dietary differences between voles and rats were unavoidable because of the unique husbandry needs of each species.
Animal Pairing and Partner Preference Test
At 8 -9 wk of age, eight sexually naive males were individually partnered with an adult female for 18 h. Females were injected with 0.1 ml of 20 g/ml estradiol benzoate (Fisher BioReagents) once a day for the 2 days before pairing to induce ovulation and receptivity toward males. At the end of the 18-h partnering phase, the strength of the male's mate preference was assessed via a partner preference test (PPT) (see Fig. 7A ) Slob et al. 1987; Williams et al. 1992) . During the PPT, the partner female and an age-matched stranger female never before encountered by the male were tethered at opposite ends of a 0.6 ϫ 0.15 ϫ 0.3-m box. The male was placed in the middle of the cage, and his movements were recorded for 3 h. The time spent by the male in physical contact with his partner female, in physical contact with the stranger female, and alone was analyzed with TopScan (version 3.00), as previously described ). Partner preference scores were calculated by subtracting the time spent with the stranger from the time spent with the partner, following a published protocol (Slob et al. 1987) . Testing was initiated between 8:00 and 8:30 AM. Between testing sessions, the corncob bedding was removed and the arena cleaned with 70% isopropyl alcohol. At the end of the test, each male was returned to his cage with his partner female. Rats did not undergo any behavioral experiments before death because they do not form pair bonds.
Electrophysiology
Acute brain slice preparation. Methods for preparing NAc brain slices for electrophysiological recordings were adapted from previous protocols (Dorris et al. 2014) . Animals were deeply anesthetized with isoflurane gas and killed by decapitation. The brain was dissected rapidly into ice-cold, oxygenated (95% O 2 ,-5% CO 2 ) sucrose artificial cerebrospinal fluid (ACSF) containing (in mM) 75 sucrose, 1.25 NaH 2 PO 4 , 3 MgCl 2 , 0.5 CaCl 2 , 2.4 Na pyruvate, and 1.3 ascorbic acid from Sigma-Aldrich (St. Louis, MO) and 75 NaCl, 25 NaHCO 3 , 15 dextrose, 2 KCl from Fisher (Pittsburgh, PA) (osmolarity 295-305 mosM, pH 7.2-7.4). Serial 300-m coronal brain slices containing the NAc were prepared with a vibratome and incubated in regular ACSF containing (in mM) 126 NaCl, 26 NaHCO 3 , 10 dextrose, 3 KCl, 1.25 NaH 2 PO 4 , 1 MgCl 2 , 2 CaCl 2 (295-305 mosM, pH 7.2-7.4) for 30 min at 35°C and at least 30 min at room temperature (21-23°C). Slices were stored submerged in room-temperature, oxygenated (95% O 2 ,-5% CO 2 ) ACSF for up to 5 h after sectioning in a large-volume bath holder. For voles, acute brain slice preparation occurred~1 h after the PPT.
Electrophysiological recording. After resting for Ն1 h after sectioning, slices were placed in a Zeiss Axioscope equipped with IR-DIC optics, a Dage IR-1000 video camera, and ϫ10 and ϫ40 lenses with optical zoom. Slices were superfused with oxygenated (95% O 2 -5% CO 2 ) ACSF heated to 26 Ϯ 1°C. Whole cell patchclamp recordings were made from MSNs in the NAc (Fig. 1) . The NAc was identified with the lateral ventricle and anterior commissure as landmarks. Recordings were made with glass electrodes (4 -8 M⍀) containing (in mM) 115 K-D-gluconate, 8 NaCl, 2 EGTA, 2 MgCl 2 , 2 MgATP, 0.3 NaGTP, and 10 phosphocreatine from Sigma-Aldrich and 10 HEPES from Fisher (285 mosM, pH 7.2-7.4). Signals were amplified, filtered (2 kHz), and digitized (10 kHz) with a MultiClamp 700B amplifier attached to a Digidata 1550 system and a personal computer using pCLAMP 10 software. Membrane potentials were corrected for a calculated liquid junction potential of Ϫ13.5 mV, following previous studies Dorris et al. 2015; Willett et al. 2016) . The following metrics are reported with adjustment for liquid junction potential: resting membrane potential and action potential threshold. Recordings were made initially in current clamp to assess neuronal electrophysiological properties. MSNs were identified by their medium-sized somas, the lack of spontaneous action potential generation, and the presence of at least one of the following characteristics: a slow-ramping subthreshold depolarization in response to low-magnitude positive current injections, a resting potential equaling or more hyperpolarized than Ϫ65 mV, and/or inward rectification (Belleau and Warren 2000; Cao et al. 2016; O'Donnell and Grace 1993) .
In a subset of recordings, oxygenated ACSF containing the GABA A receptor antagonist picrotoxin (PTX, 150 M; Fisher) and the voltage-gated sodium channel blocker tetrodotoxin (TTX, 1 M; Abcam Biochemicals) was applied to the bath to abolish action potentials and inhibitory postsynaptic current events. Once depolarizing current injection no longer elicited an action potential, MSNs were voltage-clamped at Ϫ70 mV and mEPSCs were recorded for at least 5 min. These settings make AMPA receptors the likely primary contributor to mEPSC properties. Input and series resistance were monitored for changes, and cells were discarded if resistance changed Ͼ25%. mEPSCs were assessed so that any detected difference in synapse property could be linked to pre-and postsynaptic mechanisms. For example, pair bonding could potentially induce differences in either or both AMPA receptor properties and/or excitatory synapse number.
Data analysis. Basic electrophysiological properties and action potential characteristics were analyzed with pCLAMP 10. After break-in, the resting membrane potential was first allowed to stabilize for~1-2 min, following Mu et al. (2010) . Three series of 600-ms depolarizing and hyperpolarizing current injections were applied to elicit basic neurophysiological properties. All assessed properties followed the definitions of Willett et al. (2016) and Dorris et al. (2015) , which were based upon previous work by Perkel and colleagues (Farries et al. 2005; Perkel 2000, 2002; Meitzen et al. 2009 ). Briefly, for each neuron measurements were made of at least three action potentials generated from minimal current injections. These measurements were then averaged to generate the reported action potential measurement for that neuron. Action potential threshold was defined as the first point of sustained positive acceleration of voltage (␦ 2 V/␦t 2 ) that was also more than three times the SD of membrane noise before the detected threshold (Baufreton et al. 2005) . Action potential amplitude was calculated as the difference between threshold and the maximum millivolt value reached at action potential peak. The short afterhyperpolarization peak amplitude was calculated as the difference between the threshold value after the action potential peak and the lowest point after the action potential peak. The slope of the linear range of the evoked firing rate to positive current curve (FI slope) was calculated from the first current stimulus that evoked an action potential to the first current stimulus that generated an evoked firing rate that persisted for at least two consecutive current stimuli. Input resistance in the linear, nonrectified range was calculated from the steady-state membrane potential in response to Ϫ0.02-nA hyperpolarizing pulses. Measures of input resistance in the rectified range (rectified range input resistance and percent inward rectification) were calculated from the steady-state membrane potential in response to the most hyperpolarizing current pulse injected into the neuron, following Belleau and Warren (2000) . In the present study, this current pulse was Ϫ0.14 nA. Percent inward rectification was defined as the rectified range input resistance divided by the linear range input G: action potential width measured at half-peak action potential amplitude. H: action potential afterhyperpolarization (AHP) time to peak. I: action potential afterhyperpolarization peak amplitude. Horizontal line in B-I indicates mean. Complete action potential properties are documented in Table 1. resistance multiplied by 100. A neuron with no rectification will have a percent inward rectification of 100%. A neuron exhibiting rectification will have a small percent inward rectification score. The membrane time constant was calculated by fitting a single exponential curve to the membrane potential change in response to Ϫ0.02-nA hyperpolarizing pulses. Membrane capacitance was calculated with the following equation: capacitance ϭ membrane time constant/input resistance. Sag index was used to assess the presence of hyperpolarization-induced "sag" (i.e., I H current), which is uncommon in rat and mice MSNs but has been detected in chicken (Farries et al. 2005) . Sag index is the difference between the minimum voltage measured during the largest hyperpolarizing current pulse and the steady-state voltage deflection of that pulse divided by the steady-state voltage deflection. Thus a cell with no sag would have a sag index of Յ0, whereas a cell whose maximum voltage deflection is twice that of the steady-state deflection would have a sag index of 1. Cells with considerable sag typically have an index of Ն0.1. Sag index was only calculated for cells for which the minimum voltage was lower than the steady-state voltage deflection of the largest hyperpolarizing current pulse. mEPSC frequency, amplitude, and decay were analyzed with Mini Analysis (Synaptosoft, http://www.synaptosoft.com/MiniAnalysis/), following Cao et al. (2016) . Recordings were filtered (1 kHz), and mEPSC threshold was set at a minimum value of 5 pA. Accurate event detection was validated by visual inspection.
Statistics
Experiments were analyzed with two-tailed t-tests, Mann-Whitney U tests, two-way repeated-measures ANOVA, and linear regressions. Pearson or Spearman correlations were employed for parametric and nonparametric data sets, respectively (Prism version 6.0; GraphPad Software, La Jolla, CA). Distributions were analyzed for normality with the D'Agostino and Pearson omnibus normality test. P values Ͻ 0.05 were considered a priori as significant and P values Ͻ 0.10 as a trend. Data are presented as means Ϯ SD.
RESULTS
To meet our primary goal of understanding the properties of prairie vole MSNs, we recorded 28 MSNs from the NAc of eight adult males. Aggregate electrophysiological properties of the recorded MSNs are provided in Table 1 .
Medium Spiny Neuron Action Potential Properties
We first analyzed resting membrane potential and action potential properties ( Fig. 2A) . The canonical hyperpolarized resting membrane potential found in MSNs in acute brain slice preparation (Calabresi et al. 1987; Wilson and Groves 1981) was found to be highly conserved in vole MSNs, in the sense Table 1. that no MSN exhibited a resting membrane potential of greater than Ϫ70 mV after liquid junction potential correction (Fig.  2B ). Vole MSNs did show a wider range in resting membrane potential compared with rat MSNs. This difference in range led to the detection of a significant difference in resting membrane potential between voles and rats (P ϭ 0.01, Mann-Whitney U-test; complete statistical information for this and all other comparisons is in Table 1 ). A significant difference was also detected in rheobase ( Fig. 2C; P ϭ 0.04, t-test) , but without the accompanied difference in range. Action potential threshold was relatively similar between species (Fig. 2D) . MSN delay to first action potential was likewise highly conserved across species (Fig. 2E ). This property is another canonical feature of MSNs and reflects the magnitude of the slowly inactivating A current, also called the voltage-gated transient A-type K current, responsible for the slow ramping subthreshold depolarization (Nisenbaum et al. 1994) . Interestingly, most but not all vole and rat MSNs showed this delay. Among the MSNs that did show a delay, this ranged over 200 ms, demonstrating substantial potential variation in A-current properties across species. Other action potential properties did not differ by species, including action potential amplitude ( Fig. 2F ) and width (Fig. 2G ). Regarding action potential afterhyperpolarization, this varied widely among both vole and rat MSNs. Vole and rat MSNs demonstrated an~40-ms range in time to peak afterhyperpolarization ( Fig. 2H) and both large and small afterhyperpolarization peak size (Fig. 2I) . Afterhyperpolarization time to peak amplitude and peak amplitude did not correlate in either rat or vole MSNs (Fig. 3 ), suggesting that these properties are controlled by separate mechanisms. This is consistent with the diversity of ion channels regulating specific components of rat neostriatum MSN afterhyperpolarization (Galarraga et al. 1989; Pineda et al. 1992) . Overall, these findings indicate that vole MSNs generally exhibit the canonical MSN action potential properties. However, the magnitude of these properties varies substantially between individual MSNs and in some cases differs in degree from those assessed in rat MSNs.
Medium Spiny Neuron Excitability
We then analyzed overall MSN excitability by plotting the frequency of action potentials evoked by depolarizing current injection curve (FI curve) for individual vole and rat MSNs (Fig. 4A ). Note that Fig. 4A depicts FI curves up to MSN maximum firing rate. After that point, MSNs either decreased firing rates or stopped generating action potentials in response to depolarizing current injections. We quantified individual MSN excitability by calculating the slope of the evoked firing rate to positive current curve (FI slope; Fig. 4B ), and maximum Note that MSN on left exhibits increased inward rectification (~66% inward rectification) compared with MSN on right (~85% inward rectification). B: vole and rat MSNs, in general, exhibited inward rectification in response to hyperpolarizing current injections but showed substantial individual variability in voltage deflection as indicated by the standard deviations. C: vole and rat MSNs generally exhibit input resistance that varies strongly with membrane potential. However, extensive variation per individual MSN was present, including a subpopulation of MSNs that did not exhibit varying input resistance at all, leading to an interaction effect between input resistance, range, and species. D: % inward rectification. E: sag index. F: time constant of the membrane. Horizontal line in D-F indicates mean. Complete MSN passive properties and statistics are documented in Table 1. firing rate (Fig. 4C) . This quantification revealed a significant difference between rat and vole MSNs (P ϭ 0.04, t-test), with vole MSNs exhibiting steeper FI slopes, indicating greater excitability in vole MSNs. In both vole and rat MSNs, FI slope and maximum firing rate properties did not correlate with each other, suggesting that they are mediated by separate subcellular mechanisms (Fig. 4D) . Overall, these data indicate that excitability differs markedly between individual MSNs in both voles and rats and that vole MSNs are on average more excitable than rat MSNs.
Medium Spiny Neuron Passive Properties: Input Resistance and Inward Rectification
In response to hyperpolarizing current pulses, MSNs typically exhibit input resistance that varies strongly with membrane potential and marked time-independent inward rectification that is especially noticeable at highly negative membrane potentials. We assessed these properties in vole and rat MSNs by injecting a series of increasingly hyperpolarizing current pulses (Fig. 5A ). Considered as a population (Fig. 5B ), vole MSNs generally exhibited both varying input resistance and inward rectification, as found in MSNs from rats. However, small subpopulations of vole MSNs did not exhibit varying input resistance ( Fig. 5C ; n ϭ 4 MSN with Յ10-mV difference between linear range input resistance and rectified range input resistance), leading to an interaction effect when the data were analyzed with a repeated-measures two-way ANOVA with input resistance range and species as factors [interaction: F (1,45) ϭ 4.2, P Ͻ 0.05; input resistance range: F (1,45) ϭ 35.6, P Ͻ 0.0001; species: F (1,45) ϭ 1.1, P Ͼ 0.05; subjects (matching): F (45,45) ϭ 9.9, P Ͻ 0.0001]. To further assess the robustness of this finding, we further analyzed inward rectification by calculating percent inward rectification, which was significantly lower in vole MSNs compared with rat MSNs (P ϭ 0.02, t-test; Fig. 5D ; percent inward rectification ϭ rectified range input resistance/linear range input resistance ϫ 100). In the example traces in Fig. 5A , the trace on the left has a percent inward rectification of 66%, while the trace on the right that shows less rectification has a percent inward rectification of 85%. A small number of vole MSNs also exhibited small but noticeable time-dependent inward rectification, which was not present in rat MSN recordings but has been documented in subpopulations of chick MSNs (Farries et al. 2005) . In this case, the membrane potential sharply depolarizes to a new steady-state level soon after initial hyperpolarization, so that a "sag" is present in the MSN's voltage response to an inhibitory A: representative examples of mEPSCs recorded from 2 different vole MSNs. MSNs were voltage clamped at Ϫ70 mV and recorded in the presence of TTX and PTX to block voltage-gated sodium channels and GABAergic synaptic activity, respectively. B: mEPSC frequency. C: mEPSC amplitude. D: mEPSC decay. E: for both voles and rats, mEPSC amplitude and frequency do not correlate with one another. F: mEPSC amplitude and mEPSC decay correlate with one another in both species, indicating that bigger mEPSCs typically require more time to decay to baseline voltage. G: mEPSC amplitude and linear range input resistance inversely correlate in voles, surprisingly indicating that MSNs exhibiting larger-amplitude mEPSCs have lower input resistances. Horizontal line in B-D indicates mean. Lines in E-G indicate best fit. Complete MSN mEPSC properties and statistics are documented in Table 1. current pulse. To measure this phenomenon, we quantified sag index, a unitless metric that increases with the amount of sag (Fig. 5E ). Three MSNs recorded from different voles showed sag index of Ն0.02. To complete our characterization of vole MSN passive properties, we measured the time constant of the membrane, which did not differ between vole and rat MSNs (Fig. 5F ). Similar to rat MSNs, vole MSNs exhibited relatively shorter membrane time constants, although there were a handful of outlier MSNs with longer time constants. These outlier MSNs were recorded from different voles and were not the same MSNs that showed a sag index Ն0.02. Overall, vole MSNs showed passive properties similar to those found in rats, with increased variability in the degree of inward rectification within individual MSNs.
Medium Spiny Neuron mEPSC Properties
Vole and rat MSNs exhibited similar mEPSC characteristics (Fig. 6A) . mEPSC frequencies, for instance, varied from almost 0 Hz to over 10 Hz in both vole and rat MSNs (Fig. 6B ). mEPSC amplitude (Fig. 6C ) and decay (Fig. 6D) were also variable within a species but did not differ between species. As expected, mEPSC amplitude and frequency did not correlate for either species (Fig. 6E ; F ϭ 0.198, R 2 ϭ 0.01, P Ͼ 0.66, Pearson correlation), while mEPSC amplitude and decay did for both ( Fig. 6F ; F ϭ 6.895, R 2 ϭ 0.25, P Ͻ 0.02, Pearson correlation), meaning that bigger mEPSC events typically required more time to decay back to baseline than smaller mEPSC events. Unexpectedly, in vole MSNs but not rat MSNs there was an inverse relationship between mEPSC amplitude and both linear range input resistance ( Fig. 6G; F ϭ 9 .628, R 2 ϭ 0.31, P Ͻ 0.01, Pearson correlation) and rectified range input resistance (data not shown; F ϭ 16.41, R 2 ϭ 0.44, P Ͻ 0.01, Pearson correlation), in that vole MSNs with higher input resistances tended to have smaller mEPSC amplitudes. It is possible that this relationship may also be present in rat MSNs, but our experiment does not possess sufficient power to detect this relationship. In vole MSNs, this positive correlation suggests that some form of homeostatic or another type of scaling plasticity may be present.
Partner Preference Behavior
Four male voles spent more time with their partner females (Fig. 7B ) and thus showed a strong positive preference for their partnered female (Fig. 7C) . The other four male voles spent significantly more time alone (Fig. 7B) , and thus showed no preference (a score near 0; Fig. 7C ), or spent significantly more time with the stranger female (Fig. 7B) , and thus showed a preference for the stranger female (a negative preference score; Fig. 7C ).
Partner Preference Behavior and MSN Electrophysiological Properties
mEPSC amplitude decreased with preference score, both when calculated as an average value for each animal (i.e., each vole is considered an experimental unit; the values for all the neurons recorded from each animal were averaged to yield a single mean per animal) ( Fig. 8A, left; F ϭ 5.38, R 2 ϭ 0.47, P ϭ 0.06, Pearson correlation, trend) and when calculated with values for each neuron (i.e., each neuron is considered an experimental unit) ( Fig. 8A, right; F ϭ 4 .75, R 2 ϭ 0.18, P ϭ 0.04, Pearson correlation, significant). This indicates that the excitatory synaptic strength, most probably postsynaptic MSN expression and/or availability of AMPA receptors, decreases with stronger preference for the partner female. Unexpectedly, FI slope, a measure of neuron excitability, also decreased with Fig. 7 . Vole partner preference test apparatus and behavior. A: top-down view of the partner preference test apparatus. A male vole was placed in the middle of a 0.6 ϫ 0.15 ϫ 0.3-m box, and his movements were recorded for 3 h (10,800 s). His partnered female and a stranger female never before encountered by the male were tethered at opposite ends of the box. The time spent by the male in physical contact with his partner female, in physical contact with the stranger female, and alone was analyzed. B: 4 of the 8 male voles spent the vast majority of time in physical contact with the partnered female, indicated by a gray circle around the respective data points. C: individual vole preference scores. Positive preference score indicates that male vole spent more time with partnered female than stranger female (these voles again indicated with gray circles). Negative score indicates that male spent more time with stranger female. Horizontal line in C indicates mean. preference score, indicating decreased intrinsic excitability with stronger preference for the partner female ( Fig. 8B, left; calculated per animal; F ϭ 4.502, R 2 ϭ 0.43, P ϭ 0.08, Pearson correlation, trend) ( Fig. 8B, right; calculated per neuron; R ϭ Ϫ0.42, P ϭ 0.03, no regression line shown because of Spearman correlation, significant). If both FI slope and mEPSC amplitude values correlate with preference score, then this predicts that FI slope and mEPSC amplitude should likewise correlate with each other. This relationship was confirmed, with increased FI slope values associating with increased mEPSC amplitude values, either when calculated per animal (Fig. 8C, left; F ϭ 44 .62, R 2 ϭ 0.88, P Ͻ 0.01, Pearson correlation, significant) or per neuron (Fig. 8C, right; R ϭ 0.40, P ϭ 0.06; no regression line shown because of Spearman correlation, trend). Overall, these findings indicate that in male vole MSNs decreased neuronal excitability is correlated with increased preference for the partnered female.
DISCUSSION
Vole MSNs largely exhibit the defining characteristics of spiny striatal neurons common to vertebrate taxa, indicating that MSN electrophysiology is largely evolutionarily conserved. In mammals, songbirds and non-songbirds, and rep-tiles, MSNs exhibit a medium-sized soma and the following properties: slow-ramping subthreshold depolarization in response to low-magnitude positive current injections, a hyperpolarized resting potential, decreasing input resistance with greater hyperpolarizing inputs (inward rectification), and noticeable action potential afterhyperpolarization (Cepeda et al. 1994) . Some prairie vole MSNs, however, exhibited varying degrees of or even complete absence of select electrophysiological properties.
Vole NAc MSNs exhibited stable resting membrane potentials over a greater range than rat NAc MSNs. While the majority of vole MSNs rested around Ϫ90 mV, a subpopulation of MSNs rested at a more depolarized potential around Ϫ80 mV not seen in the rat data set. Interestingly, vole NAc MSNs required less positive current stimulus to elicit an action potential than rat NAc MSNs on average, but vole and rat NAc MSN action potential thresholds did not differ. Furthermore, vole NAc MSNs demonstrated an increased rate of action potential production relative to rat NAc MSNs, but the maximum firing rate acquired by MSNs did not differ between rats and voles. Concomitantly, vole NAc MSNs exhibit a lower percentage of inward rectification than rat MSNs. Taken together, these findings suggest that subtle differences in cellular Note that there is no best-fit line because of the Spearman's correlation employed. Gray circles indicate vole with strong preference scores, as in Fig. 7 . Best-fit lines are depicted for Pearson's correlations only. Complete statistical information is located in Table 2. physiology such as ion channel composition and/or soma size or some other property exist between vole and rat NAc MSNs that underlie the select differences observed here. Some of these species differences are driven by a subset of MSNs in the vole population. Possibly, this subset of MSNs either are not MSNs or represent a different subtype of MSNs. The preponderance of evidence, however, indicates that these two explanations are unlikely. The canonical electrophysiological properties of the MSN are a slow-ramping subthreshold depolarization in response to low-magnitude positive current injections, a hyperpolarized resting potential, decreasing input resistance with greater hyperpolarizing inputs (inward rectification), and noticeable action potential afterhyperpolarization. When considered as a population, vole MSNs matched this rather established paradigm, although some individual neurons exhibited variability in these characteristics. Importantly, no MSN recorded lacked all of these features, and most MSNs exhibited all of them, demonstrating that all of the recorded neurons are indeed MSNs.
Furthermore, no recorded neuron exhibited the features of rare striatal interneurons found in other rodents. However, our recording paradigm would have biased against detection of these interneurons, and we believe that they are present. Although we characterize all of the recorded MSNs as a single class, MSN subtypes have been detected in other rodents (Gertler et al. 2008; Planert et al. 2013; Staffend et al. 2014) , and these subtypes have subtle electrophysiological differences and there is likewise no reason to believe that they are absent from vole striatum. With that limitation acknowledged, we conclude it unlikely that the electrophysiological differences detected here are explained by differential sampling of D1 vs. D2 receptor-expressing MSNs. In rats, D1 vs. D2 dopamine receptor-expressing MSNs showed differences in passive membrane properties including depolarized-range input resis-tance, the membrane time constant, and rheobase (Planert et al. 2013) , similar but not identical to previous findings in mice (Ade et al. 2011; Cepeda et al. 2008; Gertler et al. 2008; Ma et al. 2012) . We detected no divergence in the data set of these properties that would clearly delineate between the two MSN subtypes or drive significant differences between voles and rats.
Regarding social behavior, the diversity in behavior displayed by voles is thought to play an advantageous ethological function in the wild (Perkeybile and Bales 2017) . Typically, male voles either become a resident defender of a physical territory or wander between territories. Those that become resident defenders either join a female to create a male-female breeding pair or join a communal group comprised of a male-female breeder pair and several alloparents (Getz and Carter 1996) . Male voles that wander do not defend a defined territory McGuire and Getz 2010) . Within the resident strategy, some males will have extrapair copulations, while other males will only mate with their respective paired female (Okhovat et al. 2015; Ophir et al. 2008) . This variability in behavior was reflected in the results of our study, in that four of eight males showed a strong preference for their partnered female while four others did not. This spectrum of partner preference provided a useful backdrop in which to test the hypothesis that NAc MSN electrophysiological properties varied with partner preference strength.
NAc MSNs receive substantial excitatory synaptic input from a variety of afferent sources, and this excitatory synaptic input plays a key role in driving MSN action and membrane potential physiology (Gruber and O'Donnell 2009; Wilson 2017; Wilson and Groves 1981) . Excitatory synaptic input onto MSNs has also been shown to be a key target of plasticity, with differences detected in both natural and pathological reinforcers (Britt et al. 2012; Wolf 2010) and by sex Wissman et al. 2011 ). Thus the nucleus accumbens' function as a nexus between the limbic, dopaminergic, and motor pathways led to the a priori prediction that excitatory synaptic input onto NAc MSNs would be the most likely properties associated with partner preference, especially since previous studies implicated dopaminergic signaling in the nucleus accumbens shell subregion as necessary for pair bond formation in prairie voles. Consistent with this prediction, mEPSC amplitude and FI slope tended to decrease with increased partner preference. These characteristics are both related to overall neuronal excitability. Regarding mEPSC amplitude, the recording technique employed here targets events related to the expression of AMPA/ kainate receptors on the postsynaptic side of glutamatergic synapses, although it remains possible that presynaptic quantal content may have decreased. Lower-amplitude mEPSCs typically indicate that fewer AMPA/kainate receptors are present. FI slope provides a different window onto MSN excitability by directly assessing the input-output relationship of the neuron. A lower FI slope indicates that fewer action potentials are generated per input current, and when this decrease in output is coupled with decreased mEPSC amplitude (aka a decrease in input) this may have large-magnitude effects on the neuron's in vivo physiology. Amadei et al. found that increased entrainment between the mPFC and the NAc biases partner preference behaviors in female voles (Amadei et al. 2017 ). As discussed above, our study found a negative relationship between partner preference behavior, mEPSC amplitude, and FI slope in male voles. Taken together, these findings suggest at least two possible hypotheses: there is a sex difference present in voles, or there is homeostatic plasticity at play and the MSN is adapting to the increased excitatory synaptic activation by decreasing cellular excitability. Further analyses of spontaneous or evoked EPSCs could help inform these hypotheses. While in acute brain slice preparations MSNs are usually quiescent, in vivo MSNs show episodic, seconds-long, highfrequency action potential generation associated with specific motivational, motor, and/or sensorimotor events (Kimura 1990; Kimura et al. 1990; Opris et al. 2011) . Thus a decrease in the input-output relationship may decrease the neuron's effective firing rate to these stimuli.
Given that dopaminergic signaling in the nucleus accumbens shell and not the NAc is necessary for partner preference formation (Aragona et al. 2006) , our favored interpretation is that these electrophysiological changes in excitability do not reflect necessary electrophysiological properties for pair bond formation. The NAc and shell subregions have very clear inputs and outputs (Heimer et al. 1991; Zahm and Heimer 1993) , among other differences. The NAc is more closely intertwined with striatal motor pathways and is thought to mediate integrating motivational stimuli into motor actions. The shell, on the other hand, is more closely associated with limbic regions and is thought to compute affect-related signals, as well as processing relevant environmental stimuli (Jeanblanc et al. 2002; Meredith et al. 2008; Zahm and Brog 1992) . Thus we speculate that these changes in excitability are related to the premotor actions produced by increased partner preference. Indeed, silencing NAc neurons with procaine decreases spontaneous locomotion and amphetamine-induced locomotion in male rats (Ikemoto and Witkin 2003) , and lesions of the NAc and the nucleus accumbens in general change spontaneous locomotor activity (Kelly and Roberts 1983; Parkinson et al. 1999 ).
An important consideration necessary to put the findings of this experiment in context relates to the differences in social experience between voles and rats. It is possible that these electrophysiological changes are related to a partner preference-related reward stimulus, such as that associated with sexual experience. The nucleus accumbens mediates many naturally rewarding behaviors, including feeding, drinking, maternal behavior, and, most notable for the present study, sexual reward (Bradley et al. 2005; Numan 2007; Pitchers et al. 2010; Vucetic and Reyes 2010; Yoshida et al. 1992; Young and Wang 2004) . The rats used in this study were sexually naive. The voles used in this study were also sexually naive before experimental use. Thus any sexual experience gained by the voles over the 18-h partnering period would have been a novel stimulus and possibly reflected in MSN properties. It has been shown that male or female sexual experience increases the density of dendritic spines on NAc but not nucleus accumbens shell MSNs in hamsters and rats (Meisel and Mullins 2006; Pitchers et al. 2010; Staffend et al. 2014 ), a change normally associated with mEPSC frequency. However, mEPSC frequency did not associate with partner preference in voles, and no difference in mEPSC frequency was detected between voles and rats, despite differences in sexual experience. This is in some ways similar to the findings of a study in rats that found no difference in the membrane expression of AMPA subunits GluA1 and GluA2 in the entire nucleus accumbens 1 day after sex exposure, although subunit expression changed 1 wk after mating activity (Pitchers et al. 2012) . With this acknowledged, there still could be a baseline difference in dendritic spine density that exists independently of the number of excitatory synapses, or there are species differences in spine density or excitatory synaptic properties that would mask the effects of sexual reward. Future studies should address these possibilities.
To conclude, male vole NAc MSN intrinsic electrophysiological properties were largely consistent with those observed in rats and other mammalian species. Notably, vole MSNs were significantly more excitable than rat MSNs as evident by a depolarized resting membrane potential, decreased rheobase, increased FI slope, and decreased percent inward rectification relative to rats. Furthermore, our data provide evidence that select MSN properties in the NAc vary with partner preference strength in males. Specifically, mEPSC amplitude and FI slope tend to decrease with increased partner preference. Future experiments that assess the relationship between the electrophysiological properties of neurons in other brain regions involved in pair bond formation and maintenance, as well as in females, and partner preference behavior would greatly inform the results presented here.
